Magnetic susceptibility and proton nuclear magnetic resonance ( 1 H-NMR) measurements were performed for the quasi-two-dimensional π -d interacting system λ-(BEDT-STF) 2 FeCl 4 at ambient pressure. Magnetic susceptibility arising from the 3d spins of the FeCl 4 anion show an anisotropy at low temperature and its temperature dependence for the external field parallel to the c axis is described as a broad peak structure at 8 K. A sharp peak in the temperature dependence of T −1 1 associated with the antiferromagnetic (AF) transition is observed at T AF = 16 K, together with the drastic splitting of the NMR spectrum below T AF . The relation between the static susceptibility and the splitting of the NMR shift suggests the existence of the relatively strong d-d AF interaction. These results can be explained by the model considering the AF-coupled d-spin system in the AF long-range-ordered π -spin system. We find that the AF phases in λ-type salts can be universally explained by this model.
I. INTRODUCTION
The study of the π -d interacting system has been one of the most intensely investigated topics in the field of strongly correlated electron systems. Low-dimensional organic conductors are important examples of the π -d system and, in particular, the quasi-two-dimensional organic conductor λ-(BETS) 2 FeCl 4 [BETS = bis(ethylenedithio)tetraselenafulvalene] is well known as the first organic material to show a magnetic-fieldinduced superconductivity [1, 2] , which is explained by the Jaccarino-Peter compensation mechanism, where the external magnetic field compensates the internal field of aligned d spins through the π -d interaction [3] . At zero field, λ-(BETS) 2 FeCl 4 shows a metal-antiferromagnetic (AF) insulator transition at T AF = 8.3 K, and the AF phase is destabilized by a magnetic field of approximately 10 T. Below 1 K, a superconducting phase appears above 17 T when the magnetic field is applied parallel to the conducting layers. As the Fe 3+ ion is in the S = 5/2 high-spin state and the magnetization shows anisotropy below T AF , it has been believed so far that the metal-AF transition is caused by the AF ordering of the Fe moments [4] [5] [6] .
However, in a recent study, Akiba et al. found the broad hump structure in the temperature dependence of the specific heat and explained this structure by invoking the Schottkytype behavior due to the freedom of the rotation of the 3d-spin system in the internal field, which is induced by the surrounding AF-ordered π -spin system [7] . From the fitting of the Schottky curve with S = 5/2, they estimated the internal field to be H int ∼ 4 T. Since they proposed that the π -spin system becomes an AF long-range-ordered state at T AF , in this paper, we hereafter refer to this model as the "π -ordering model." They also focused on the broad shoulder-like anomaly of the spin susceptibility below T AF and explained this anomaly by using π -ordering model [8] . They proposed that, since H int alternately changes its direction at each Fe site, the local magnetizations of the 3d spins, which obey the simple Brillouin function, are canceled out at the region, where the Brillouin function saturates. Therefore, the susceptibility decreases at low temperature. Furthermore, according to the torque measurement, the tilt angle θ between the easy axis and the c axis is estimated as 30
• in the c-b * plane [9] . Moreover, according to the sextet Fe Mössbauer signals, H int ∼ 4 T [10] . These values obtained from magnetic torque and Mössbauer measurements are in good agreement with those estimated from the specific heat and static susceptibility using the π -ordering model [7, 8] .
In a previous study, we found that λ-(BEDT-STF) 2 GaCl 4 , where BEDT-STF = bis(ethylenedithio)diselenadithiafulvalene (hereafter, we abbreviate BEDT-STF as STF), shows a superconducting phase above 1.22 GPa, which means that λ-(STF) 2 GaCl 4 can be located at a lower-pressure region than λ-(BETS) 2 GaCl 4 [11] . Furthermore, we found that the λ-(STF) 2 GaCl 4 does not show an AF phase at ambient pressure and the temperature dependence of the static spin susceptibility can be well explained by the AF Heisenberg model with a regular triangular lattice, with the AF exchange interaction in the π -electron system, J /k B = −165 K. Although it shows a very large J , this salt does not show AF ordering, at least down to 2 K. It seems to be caused by the spin frustration due to the geometry of the AF spin interaction.
To elucidate the mechanism of the AF transition in the λ-FeCl 4 families, we measured the magnetic susceptibility and proton nuclear magnetic resonance ( 1 H-NMR) at ambient pressure of λ-(STF) 2 FeCl 4 , which is expected to be located in a lower-pressure region than λ-(BETS) 2 FeCl 4 in the phase diagram from the same analogy as that for the λ-GaCl 4 salts. Herein, we report the results of the measurements and discuss the mechanism of the AF transition in the quasi-twodimensional π -d interacting system λ-FeCl 4 families.
II. EXPERIMENTS
Single crystals of λ-(STF) 2 FeCl 4 were synthesized by the standard electrochemical method. We used x-ray diffraction to determine the lattice parameters of the systemto • , β = 96.799(7)
• and γ = 112.347(3)
• , which are consistent with a previous report [12] . We obtained needle crystals with the long axis parallel to the c axis. The crystal structure is shown in Fig. 1 . The electronic resistivity measurement was done by using the dc four-probe method at ambient pressure. Electric leads of φ10 μm gold wires were attached to the sample by using a carbon paste. The current flows parallel to the c axis. The static magnetic susceptibility measurement was performed by using a MPMS SQUID magnetometer (Quantum Design) for the aggregate of crystals aligned along the c axis. The external magnetic field was applied parallel and perpendicular to the c axis. Proton NMR measurements were performed down to 4.0 K under 3.117 ± 0.15 T field corresponding to the resonance frequency of 132.5 MHz. Magnetic fields were applied perpendicular to the c axis. Field-swept spectra were obtained by fast Fourier transformation (FFT) of the spin-echo signal with a π/2-π pulse sequence. Figure 2 shows the temperature dependence of the electronic resistivity of λ-(STF) 2 FeCl 4 at ambient pressure. In the whole temperature range, the resistivity increases with decreasing temperature. The system does not show any obvious anomaly down to 50 K. This insulating behavior is consistent with that of λ-(STF) 2 GaCl 4 at ambient pressure [11, 12] . Using the same analogy as that for GaCl 4 salt, λ-(STF) 2 FeCl 4 can be located in the negative-pressure region of λ-(BETS) 2 FeCl 4 in the pressure phase diagram. Figure 3 shows the temperature dependence magnetic susceptibility below 20 K for various fields. When a weak field is applied parallel to the c axis, the magnetic susceptibility shows a broad peak around 8 K and gradual decreasing at low temperature. In the field range of 0.5-2 T, the decreasing of the susceptibility is reduced gradually. Above 2 T, the susceptibility increases with decreasing temperature down to 2 K. On the contrary, with the weak perpendicular field to the c axis, although the slope of the susceptibility becomes gentle around 8 K, the susceptibility continues to increase in the low-temperature region. Similar to the case with parallel field, in the field range of 0.5-2 T, the susceptibility increases with increasing field. Above 3 T, the anisotropy disappears completely. Figure 4 shows the magnetic susceptibility observed under the external fields B||c (needle axis of the crystal) and B ⊥ c at 0.1 T. Above 20 K, the magnetic susceptibility in both directions shows Curie-Weiss-type behavior for the S = 5/2 high-spin state with the Weiss temperature T W = −7.8 K. The magnetic susceptibility for the field perpendicular to the c direction continues to increase with decreasing temperature. On the contrary, in the field direction B||c, the magnetic susceptibility shows a broad peak around 8 K and gradual decreasing at low temperature, which is reminiscent of the shoulder-like structure in the susceptibility behavior of λ-(BETS) 2 FeCl 4 [8] . As shown by the solid line in Fig. 4 , we calculated the static susceptibility in the framework of the π -ordering model. This model takes into account the internal field on d-spin sites ±H int due to the alternately oriented π -d exchange field from the AF-ordered π -spin system. In this model, the d-spin system generates the sublattice, and the magnetizations in each sublattice are described as
III. RESULTS AND DISCUSSION
where N is the number of spins, g is the g value, μ B is the Bohr magneton, S d is the d-spin moment, B S is the Brillouin function, and the effective field H ± eff is the sum of the external field H ext and internal field ±H int . Considering the tilt angle between the easy axis and the c axis, the total magnetization component parallel to the external field can be obtained as
where the α (β) is the angle between H ext and H canceling out between the sublattice magnetizations. Using this model, the static susceptibility of λ-(STF) 2 FeCl 4 can be well explained with the parameters of θ = 33
• and μ 0 H int = 4.7 T. These values are close to those of λ-(BETS) 2 FeCl 4 . Thus, in the AF phase, the temperature dependence of the magnetic susceptibility has been well explained by the model considering the d-spin moments affected by the alternate oriented internal field. Figure 5 (a) shows the 1 H-NMR spectra at 132.5 MHz for a single crystal of λ-(STF) 2 FeCl 4 at ambient pressure for various temperatures below 20 K. A sharp peak is observed at 3.117 T, corresponding to the signal from the free protons. Because the sharp peak at 3.117 T and the broad peak in the 3.150-3.165 T range, indicated by " * ", do not show temperature and field angular dependence, they can be regarded as signals from grease or contamination. At 20 K, there are several signals from the proton sites of λ-(STF) 2 FeCl 4 in the 3.10-3.15 T range. As the temperature decreases from 20 to 16 K, the spectrum gradually broadens and then shows a drastic splitting into multiple peaks observed below 16 K. At the lowest temperature, the peaks, which are assigned to the 16 independent proton sites of the ethylene group, are broadened in the wide range of the field, 3.05-3.20 T, which is within the range expected from the maximum dipole field considering the shortest proton-Fe distance d = 3.439Å (red dashed line in Fig. 1 ). The local fields on each site are predominantly determined by the dipole magnetic field arising from the 3d spin of the Fe 3+ ions. The sharp peak observed at approximately 16 K is associated with the increase in low-frequency fluctuations due to the AF long-range ordering at T AF ; the peak temperature corresponds to the drastic broadening temperature in the spectra. We determine T AF = 16 K.
The observed magnetic susceptibility, shown in Fig. 4 , does not exhibit any anomaly or anisotropy at T AF . This is because the Zeeman splitting energy of the 3d spin (S = 5/2) under the internal magnetic field is negligibly smaller than the thermal energy k B T AF because of the high T AF in λ-(STF) 2 FeCl 4 and the 3d spins behave as free spins around T AF . Therefore, the π -ordering model consistently explains the results of magnetic susceptibilities of the STF and BETS salts. The δ-χ relation is shown in Fig. 6 , where χ is the static susceptibility at 3 T of the c-perpendicular field and δ is the NMR shift from the value of the free spin obtained from the peaks marked by and in Fig. 5(a) . δ is given by the c-perpendicular components of the local dipole field on the one proton site mainly arising from the magnetization of the nearest-neighbor Fe moment. On the other hand, χ corresponds to the total of the c-perpendicular components of Fe moments. Generally, in the paramagnetic state, the δ-χ relation follows the formula of δ = K + σ = Aχ + σ , where K is the Knight shift, A is the hyperfine coupling constant, and σ is the chemical shift. Above 16 K, the observed δ is proportional to χ with a negligibly small σ , as shown by the blue solid line in Fig. 6 . From the slope of the δ-χ plot above 16 K, we evaluate the hyperfine coupling constant to be 0.0056 T/μ B . Below 16 K, δ deviates from the proportional relation and becomes drastically large. We find that the peak marked by is located at the position that is symmetrical to that of the peak marked by in the spectrum at 4.2 K, even though it is due to the extrinsic signal, the temperature dependence of the signal marked by cannot be rigorously traced. This splitting of the NMR spectrum is caused by the occurrence of the c-parallel components of the Fe spin moments due to the AF transition.
We now discuss the δ-χ relation in the π -ordering model. The original π -ordering model proposed by Akiba et al. considers the π -d interaction as the source of the internal field on the Fe sites and ignores any other coupling [8] . In this case, as δ and χ are both proportional to the same Brillouin function, δ must be proportional to χ even though it has a different slope from the paramagnetic phase in the low-temperature region below T AF /2, as shown in Fig. 7(a) . It is because the π -d exchange field almost saturates, as expected from the mean-field theory of AF. However, the observed δ-χ relation in the AF phase is steeper than the proportional relation and δ continues to increase down to 4.2 K without any saturation. To explain this behavior, we must consider the AF exchange interaction in the d-spin system additionally to the simple π -ordering model. In the proposed model, as shown in Fig. 8 
IV. CONCLUSION
We have synthesized single crystals of λ-(STF) 2 FeCl 4 and find that it shows an insulating behavior at ambient pressure like GaCl 4 salt from the resistivity measurement. Then, to investigate the π -d interaction system, we measured the static susceptibility and 1 H-NMR. From the temperature dependence of T −1 1 observed in 1 H-NMR, we determined that T AF = 16 K at ambient pressure. The temperature dependence of the spin susceptibility, which shows a broad hump structure without any anomaly at T AF , suggests that the AF transition at 16 K is due to the AF long-range ordering in the π -spin system. We find a non-negligible effect of the d-d AF interaction on the effective field, which is comparable to that of the π -d interaction, from the relation between the 1 H-NMR splitting associated with the AF and the static susceptibility, which is sensitive to the rotation of the local d-spin moment. The AF phases in λ-type salts can be universally explained by the π -ordering model extended with the large contribution of the d-d AF exchange field.
